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Abstract
When a cluster is exposed to intense optical radiation, the particle transforms into a
hot expanding plasma. The present work focuses on the ionization, expansion, cooling
and relaxation dynamics of laser-induced nanoplasmas. To study the ion emission, we
developed a novel charge-state resolving ion energy analyser, which features a high
transmission and a high energy resolution. We applied the intensity-difference spectrum
method to record the first laser intensity-resolved ion spectra from the Coulomb explosion
of clusters and identified two explosion regimes. We deduced the differences in ionization
and subsequent recombination between ArN and AgN . The role of collective excitations
on the cluster explosion has been studied by utilizing the pump-probe technique. We
obtained ion spectra from metal clusters excited in the impulsive regime. The results
show a qualitative difference in the explosion dynamics when compared to studies on
rare gas clusters. With respect to long-term relaxation, a significant number of plasma
electrons recombines to Rydberg levels of highly charged ions. In experiments conducted
on a free-electron laser, a new method to measure the spatio-temporal coherence of XUV
radiation has been demonstrated.
Kurzzusammenfassung
Werden Cluster intensiver, optischer Strahlung ausgesetzt, kommt es zur Entstehung
eines heißen expandierenden Plasmas. Die vorgelegte Arbeit konzentriert sich auf die
Ionisations-, Expansions-, Kühlungs- und Relaxationsdynamik laserinduzierter Nanoplas-
men. Um die Ionenemission abzubilden, wurde ein neues Instrument entwickelt, um
ladungsaufgelöste Energiespektren aufzunehmen. Vorteile dieses Analysators sind seine
hohe Transmission und hervorragende Energieauflösung. In den Experimenten wird die
“intensity-difference spectrum” Methode eingesetzt, um erstmals intensitätsaufgelöste
Ionenspektren der Coulombexplosion von Clustern zu messen. In der Analyse konnten Un-
terschiede in der Ionisation und späteren Rekombination zwischen ArN und AgN aufgelöst
werden. Mit Hilfe der Pump-Probe Technik wurde die Rolle kollektiver Anregungen bei
der Clusterexplosion untersucht. Weiter ergaben Messungen im sogenannten “impulse
regime” einen qualitativen Unterschied in der Explosionsdynamik von Metallclustern
im Vergleich zu Arbeiten an Edelgasclustern. In Bezug auf die Langzeitdynamik des
Nanoplasmas wurde festgestellt, dass die Plasmaelektronen in Rydbergniveaus hochge-
ladener Ionen relaxieren. In Experimenten am Freie-Elektronenlaser FLASH wurde eine
neue Methode demonstriert, um die räumliche und zeitliche Kohärenz der XUV Strahlung
zu charakterisieren.
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Introduction
The detailed description of the interaction between light and matter is one of the funda-
mental aims of physics. Developments in laser technology have led to the generation of
electromagnetic pulses with the electric field strength comparable or even exceeding fields
acting on the outermost electrons in atoms [1–4]. This has opened to scientists a new
regime of light-matter interaction, i.e., the energy absorbtion depends on the field strength
rather than on the photon frequency [5–7]. Strong field excitation of atoms in the gas phase
is extensively studied [8–11]. This has led to the development of novel light sources, e.g.,
emission of light bursts shorter than 50 attoseconds has been reported [12] and table-top
sources of bright coherent EUV radiation based on high harmonics generation have been
demonstrated [13]. When solids are exposed to strong radiation, collective effects con-
tribute to the dynamics. The number of atoms taking part in the interaction is usually high
and uncontrollable. A high fraction of the absorbed energy dissipates into the bulk and
only a part of the emitted interaction products can be observed. The disentanglement of
effects involved is thus a challenge. Full microscopic numerical calculations to simulate
the interaction are currently beyond the capabilities of modern computational science.
To simplify the problem, atomic or molecular clusters can be used as model systems.
Clusters represent small particles consisting of up to millions of atoms. They may be
produced with controllable size and brought into the gas phase. Since there is no substrate
or embedding medium, the laser energy deposited in the system cannot dissipate and
the reaction products carry all information about the interaction, in principle. Hence,
nanoparticles are ideal targets to study the interaction of strong laser pulses with many-
body systems. In the first experiments on clusters in strong fields, many new effects
different from atoms have been discovered. When exposed to near infrared radiation,
clusters show extremely high energy absorption [14]. This leads to a high ionization
degree of cluster constituents [15] and a so-called nanoplasmas formation [16]. MeV
ions [17], KeV electrons [18] and X-ray photons [19] are emitted. Even nuclear fusion
in deuterium nanoparticles after IR laser irradiation was realized [20]. Since that time,
many efforts were made to develop a complete microscopic description of laser-cluster
interaction [21,22]. However, the complex dynamics of nanoplasmas remains still a subject
of current research. For example, the quantitative description of nanoplasma formation
and expansion is not satisfying. The description of recombination dynamics at late stages
of the plasma disintegration is incomplete even qualitatively.
The main aim of this work is to provide an extended insight into the interaction of
intense laser pulses (ILas = 10
13−1015 W/cm2) with many-body systems such as clusters.
Nanoparticles from both conductive materials and insulators are in the focus. We applied
ultrashort near-infrared radiation at a wavelength of λ∼ 800 nm from a Ti:Sapphire laser.
Nowadays, most of the high power laser systems operate in the visible or near-infrared,
therefore, the understanding of light - matter interaction in this spectral range is of high
practical interest, e.g. for laser surface machining [23], high harmonic generation for novel
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intense and coherent X-ray light sources [24], ion acceleration for tumour treatment [25],
etc.
When clusters are exposed to an intense laser pulse, many phenomena take place which span
over very different time scales, e.g., from attosecond electron motion [26] to nanosecond
relaxation [27]. In the current work, the ion channel has been chosen to study the evolution
of nanoplasmas. Ions preserve the information about charging and acceleration tens and
hundreds of femtoseconds after the laser pulse as well as about recombination processes
picoseconds later. When ion energies and charge-states are simultaneously resolved, the
correlations between phenomena at these time scales may be identified.
In this work, a novel Charge-state Resolving Ion Energy Analyser (CRIEA) has been
developed. The new design combines time-of-flight technique with the deflection in a
magnetic field, making use of a fast delay line detector. The instrument features a one
to two orders of magnitude higher transmission and energy resolution when compared to
conventional Thomson parabola spectrometers [28]. High transmission is essential to study
metal clusters since they can only be produced in low intensity beams. The instrument
has been used to study the long-term nanoplasma relaxation. The understanding of the
dynamics at this cluster disintegration stage is essential for the explanation of experimental
charge state distributions. Theoretical simulations predict that delocalized electrons, which
are trapped with keV energies to a nanoplasma directly after the laser excitation, do not
recombine to the ground ion levels during nanoplasma expansion, but stay only weakly
bound to ions, e.g., with meV energies [29]. In our experimental studies, a significant
amount of highly charged ions were found to carry meV-bound electrons, i.e., highly
charged Rydberg ions have been detected. This finding supports the theoretical predictions.
Ion emission from clusters was studied in the impulsive excitation regime, i.e., when
the laser pulse is short enough to consider the ion core as frozen. We obtained for the
first time ion spectra from metal clusters in this regime. The observed emission differs
qualitatively from the emission from rare gas clusters [30]. We assume that our studies
will motivate further theoretical investigation to find out why the cluster material has a
significant influence on the nanoplasma explosion dynamics. The author participated
in a large collaborative measurement aiming to record time-dependent parameters such
as electron temperature, density, and ionization in laser-induced plasmas conducted on
the free-electron laser FLASH in Hamburg. Beside other results, a method to determine
the spatio-temporal coherence of XUV radiation, based on a Michelson interferometer,
has been realized. This method now can be routinely applied in the free-electron laser
beamlines. Additionally, the problem of the signal averaging over the laser intensity
distribution in focus has been addressed. In order to attain high laser intensities of
1015 W/cm2, focusing to a spot of about ten micrometer is typical. This circumstance
brings up the problem of the laser intensity distribution in the focus. The experimental
signal is acquired from the full focal volume and, as a consequence, is averaged over all
values of ILas. This has a strong impact on the experimental spectra. In the current work,
we apply an intensity-difference spectrum technique [31], which allows us to overcome
the effect of focal averaging. First charge state- and intensity-resolved ion energy spectra
from argon and silver clusters of different sizes have been obtained. Two cluster explosion
regimes have been distinguished. The spectra allow us to deduce the differences in
ionization and subsequent recombination between ArN and AgN . Finally, the role of the
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collective excitations on the cluster explosion has been studied by utilizing the pump-probe
technique. A clear size dependence in the pump-probe studies has been observed.
The manuscript starts with an overview of the current state of research, see Chapter 1. We
present features of laser-cluster interaction, basic processes, and typical experimental and
theoretical techniques. In Chapter 2, the experimental methods are described with focus
on the CRIEA, which is developed in this thesis, and an intensity-difference technique.
We overview the results that have been obtained in this thesis in Chapter 3. Finally, we
summarize the main achievements of the current work and discuss future perspectives in
the outlook. Used methods and results achieved in the thesis are described in detail in the
attached publications and appendix.
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1. Current state of research
In this chapter, we present an overview of previous studies on the interaction of clusters
with strong laser pulses, including basic trends, current theoretical descriptions of the
processes as well as well-established experimental methods. We restrict the survey to
parameters relevant to the present work. Namely, the interaction of near infrared or visible
(wavelength λLas ≈ 400 nm – 1 µm, hν≈ 1.2 – 3.1 eV) ultrashort (pulse duration ∆t ≈ 5–
2000 fs) strong (intensity ILas = 10
13–1015 W/cm2) laser pulses with nanometer clusters
of size N ≈ 100–100.000 atoms of different materials is considered.
1.1. Features of laser-cluster interaction
First measurements on clusters in a strong field have shown a drastic difference in their
response from that of isolated atoms or small molecules. The typical features of laser-
cluster interaction are:
1. Energy absorption: A notable property of clusters is their extremely high energy
absorption of laser radiation compared to atoms or molecules. At laser intensity of
the order of 1015 W/cm2, tens to hundreds of keV may be absorbed per cluster atom
on average. Numerous studies on the attenuation of laser pulses in jets of rare gas
clusters have been conducted [14,20,34,35]. The measurements show that at laser
intensities higher than the barrier suppression ionization threshold∗, the cluster gas
turns opaque, e.g., absorbing up to 80% of the light, see [14].
2. Highly charged ions: The high energy absorption leads to a high degree of ioniza-
tion of the cluster constituents and subsequent complete cluster disintegration [14].
An example of an experimental charge state distribution is shown in Fig. 1.1, left.
The maximum charge state qClmax =+20 significantly exceeds the maximum charge
state qAtmax =+4 observed in the case of atomic xenon under the same conditions [36].
To reach Xe21+ from an atomic gas, intensities as high as 1019 W/cm2 are neces-
sary [33]. Broad charge state distributions reaching high q are typical for clusters, as
have been observed in rare gas [15], metal [37–40], and molecular clusters [41, 42].
3. Ion recoil energies: High charging of the clusters leads to their disintegration
accompanied by a significant acceleration of the emitted ions, e.g., see Fig. 1.1,
right. The energy spectra are usually broad and spread to huge ion kinetic energies.
Ions with energies exceeding 1 MeV have been observed from xenon clusters [17],
that allows the realization of table-top fusion experiments in dense cluster mater
targets [20]. A detailed discussion of ion spectra will be presented below in Sec. 1.5.
4. Fast electrons: The recorded electron spectra show that the maximum energy
∗Description of barrier suppression ionization is presented in section 1.3.1 and in Fig. 1.4
5


1. Current state of research
by means of lenses or spherical or parabolic mirrors. Resulting beam diameters typically
are of the order of ten micrometers. This allows to reach intensities above 1016 W/cm2
with a table-top laser system. The resulting Rayleigh-limited beam width is usually
significantly narrower than the size of the cluster stream and the acceptance volume of
the detection system. Therefore, experimental signals are acquired from a volume which
includes all intensities from zero up to I
peak
Las . This effect is called focal averaging. In
Fig. 1.2, b, a typical laser intensity distribution in the focus is shown. The volume drops
fast with ILas, hence, the signals from the highest intensities are covered with low-ILas
signal. The modification of the spectra due to focal averaging is typically strong and has
to be considered when analysing the data, see Sec. 1.5. In the current work, we apply an
intensity-difference spectrum technique, see Chapter 2, to overcome the effect of focal
averaging. This allowed us to obtain first-ever intensity resolved spectra of small argon
and silver clusters, e.g., with radius below 100 nm.
For larger particles exposed to X-ray laser excitation, intensity and cluster size selected ion
spectra have been demonstrated [79]. In the experiment, the clusters are not size-selected,
but the X-ray scattered light is recorded in addition to the ion signal. This signal allows
user to assign to each laser shot a size of the cluster in the focus and the applied laser
intensity. Later, the obtained spectra are sorted. However, this technique is not applicable
for near infrared radiation nor for the particle sizes considered in the current work.
Detection systems
To record the spectra of the particles produced in the interaction, different techniques have
been developed. To determine the electron energies, field-free time-of-flight [47,80] and
magnetic bottle spectrometers [81–83] are extensively used. Angular resolved momentum
distributions of electrons and ions may be recorded by velocity-map-imaging (VMI)
spectrometers [84, 85]. However, VMI instruments usually feature a low energy resolution
and only limited energy range. The charge state distributions of emitted ions are recorded
by means of mass spectrometry. To measure the ion recoil energy distributions, field-free
time-of-flight spectrometers are used. Emitted photons are usually analysed by grating-
based spectrometers [86, 87].
Different methods were demonstrated to analyse simultaneously charge states and recoil
energies of ions from cluster Coulomb explosions. Among them are retarding field time-of-
flight spectrometers [17], magnetic-deflection time-of-flight spectrometers (MD-TOF) [62,
88, 89], and Thomson parabola spectrometers [40, 90–93]. However, the performance of
these instruments with low density targets as metal clusters is insufficient. This motivated
us to develop a new instrument, described in Chapter 2 and Publication A.
1.3. Laser-cluster interaction dynamics
The interaction of clusters with strong NIR∗ laser pulse can be represented by a simplified
three step model, depicted in Fig. 1.3. In the first step, initial ionization events occur on the
∗Near-infrared
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or amplifying it depending on the relation of the laser frequency to the Mie-plasmon
frequency [63, 104, 105]. The later could be calculated as follows:
ωMie =
√
e2ni〈q〉
3ε0me
(1.3)
where ni is the density of ions and 〈q〉 is the average ion charge state.
If ωLas≪ ωMie, the electron cloud can effectively screen the laser field inside the cluster,
preventing energy absorption. If ωLas≫ωMie, the laser field can penetrate inside the cluster,
however, since the energy which electron acquires in the periodic field scales ∝ ω−2 [22],
inverse bremsstrahlung is not effective. The case when ωLas ≈ ωMie is called resonant
excitation and leads to the highest energy absorption. Since ωMie depends on 〈q〉 and
ni, which are time-dependent, resonant conditions can be realized only transiently [101].
In pump-probe experiments, it was possible to separate the activation process, in which
ionization and subsequent expansion are initiated by the first pulse, and the resonant
heating, which is realized with the second pulse [106]. The electron cloud, driven in
resonance, leads to a significant amplification of the electric field within the cluster, leading
to an enhanced electron acceleration, e.g., SPARC-effect∗ [46], mostly along the laser
polarization direction [43–47]. The high intracluster fields reduce the ionization potential
of ions, supporting enhanced electron impact ionization [29]. As will be shown in Sec. 3.4
and Appendix U, resonant absorption strongly influences the cluster explosion dynamics,
leading to the emission of more energetic higher charged ions.
1.3.3. Ion acceleration mechanisms in clusters
Outer ionization and energy absorption by quasifree electrons result in uncompensated
positive charge and high electron temperature in the nanoplasma. Two qualitatively
different ion acceleration mechanisms are observed. The first mechanism is realized due
to the overall charging of the cluster, i.e., the high potential energy of the ions, which
transforms due to charge repulsion into kinetic energy. Cluster expansion driven mostly
by that mechanism is called Coulomb explosion. On the other side, if the amount of
quasifree electrons is high, their kinetic energy transforms into the kinetic energy of
ions during thermalization, accelerating them. That is called hydrodynamic expansion.
Both mechanisms contribute to the ion acceleration to some extent. Typically Coulomb
explosion is more relevant for the smaller clusters, whereas hydrodynamic expansion
dominates for larger particles.
The Coulomb pressure acting on the outermost ion layer is roughly proportional to 1/R4,
where R is the cluster radius. Assuming a constant electron temperature, the hydrodynamic
pressure scales as ∝ R−3 (see nanoplasma model [16]). Both forces decrease fast with
increasing radius; hence, the major part of the ion kinetic energy is typically acquired
in the first hundreds of femtoseconds after the laser-cluster interaction. At IL = 10
14−
1015 W/cm2, a considerable cluster expansion occurs already on the order of several
tenths of femtosecond. Typically if the pulse length is larger than 50 fs, ion motion
∗surface-plasmon-assisted rescattering in clusters
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has to be considered in the simulations, i.e., cluster charging and expansion take place
simultaneously. Ionization and electron heating efficiency depend on the ion density
(see Eq. 1.3), whereas ion acceleration, i.e., the change in ion density, is in turn affected
by cluster charge and electron temperature. The interplay of these processes make the
prediction of final kinetic energy distribution of ions a challenge. In many cases, even finer
electron and ion dynamics, e.g., time dependent spatial charge distribution, has to be taken
into account. Many studies report the asymmetric ion emission from the nanoparticles
predominantly along the laser polarization axis [43, 91, 107, 108]. It is explained by
the higher total electric field on the cluster poles, which is a sum of the laser, cluster
polarization, and space charge fields. High cluster polarization and space charge fields
are established due to the oscillation of the electron cloud and lead to higher ionization
degree of atoms at the poles [109, 110] and their stronger acceleration due to the higher
field strength [43, 109, 111].
Few-cycle laser pulses allow measurements to be conducted in the impulsive regime, in
which the ion motion during the interaction can be neglected [30,112–114]. In this regime,
so-called “unusual” ion emission asymmetry, when ions are predominantly emitted in the
direction perpendicular to the laser polarization direction, was reported in rare gas clusters.
Several simulations could qualitatively represent this result [115]. The simulations show
that the cloud of quasifree electrons in a cluster is stretched along the laser polarization
direction, providing effective shielding on the poles and resulting in stronger explosion in
the perpendicular direction. However, our measurements on silver clusters, see Sec. 3.2
and Publication C, did not show this effect. The reason of this qualitative difference is still
not clear.
1.3.4. Nanoplasma disintegration and relaxation
After the impact of the laser pulse, the nanoplasma expands, hot quasifree electrons cool
down and partially recombine, see Fig. 1.3, f. In this stage, the final ion charge state
distribution (CSD) is formed. Understanding of the underlying processes is necessary to
explain the experimental observables. However, a simulation of the long-term dynamics
is time-consuming, since nanoplasma cooling and electron localization may last tens of
picoseconds [29]. The lifetimes of electron excitations in ions extend up to nanoseconds
after the laser pulse [27,116]. Outer ionization is still going on during cluster expansion
due to the energy exchange between electrons and subsequent thermal evaporation. The
recombination of the cold electrons provides an additional electron temperature increase
mechanism in exploding cluster [79].
Molecular dynamics simulations have shown that, at specific conditions, most of the
quasifree electrons that were initially strongly bound to the nanoplasma, may never re-
combine or recombine to only high-lying Rydberg states of ions during the nanoplasma
expansion [29]. This effect is called frustrated recombination. To qualitatively under-
stand the process, three-body recombination, which is treated as the main recombination
mechanism within a plasma, has to be considered. The rate R is typically expressed as
R ∝ nin
2
eT
−4.5
e , where ni and ne are the ion and electron densities and Te is the electron
temperature [117]. Early in the cluster expansion, the quasifree electrons are hot and the
recombination rate is low. Later, the cluster expands and the electrons cool down adiabat-
13
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ically. The particle densities ni and ne are then low, preventing efficient recombination.
However, the mean field potential flattens during expansion, and the electrons net energy
approaches zero. The presence of weakly bound electrons in a nanoplasma was proven
experimentally [118, 119]. Weakly bound electrons may easily be removed by the spec-
trometer extraction or space charge fields, which modify the final charge state distribution.
An energy exchange mechanism between the Rydberg electrons in nanoplasma, called
correlated electronic decay, was observed, leading to emission of electrons with energy
close to the ionization potential [119]. Autoionization during cluster disintegration was also
obtained experimentally [120]. Within this thesis, an experimental study of the emission
of highly charged ions carrying Rydberg electrons from cluster Coulomb explosion has
been conducted. The results are presented in Sec. 3.1 and Publication B.
Additional effects take place if the density of the cluster gas is high, e.g., ρC ≈ 1014 cm−3.
The sheath of Rydberg excited clusters is formed around the laser focus, thereby efficiently
neutralizes ions emitted from the focus [121,122]. Charge capture and even formation of
negative ions is then possible [123].
1.4. Theoretical approaches
Due to the large number of particles, simplifications have to be made to make the calculation
feasible. An overview of the theoretical methods can be found in [21, 22]. Here we briefly
describe mostly used and relevant approaches with respect to this thesis.
Since the amount of energy deposited per particle at the considered laser intensities is
known to be huge, a classical treatment is a good approximation. One of the earliest and
simplest ansatzes is the nanoplasma model, originally formulated by Ditmire et al. [16].
Briefly after the initial ionization, the cluster is treated as a spherical nanoplasma of radius
R(t). The model parameters such as electron and ion density as well as electron temperature
are assumed to be uniform within the cluster. This approximation was later relaxed by
including R-dependent parameter distributions [124]. The heating rate is calculated by
considering the laser energy deposition rate in a dielectric sphere. Ionization is treated
by rate equations as well, which include empirical coefficients. Cluster expansion is
determined by the sum of the Coulomb and hydrodynamic pressures acting on the cluster
border. This oversimplified model includes the main processes taking place in the cluster.
However, a couple of effects are neglected, e.g., attenuation of the laser field by the
absorption in the cluster, any effects taking place due to inhomogeneities in the plasma, etc.
With the nanoplasma model, only averaged and often inaccurate values of the parameters
may be calculated. However, the advantages of this method are easy implementation and
low computational requirements, suitable for a conventional personal computer.
A more complex model is molecular dynamics (MD) simulation. Many groups devel-
oped MD codes to simulate laser-cluster interaction [29, 125–135]. Particles are treated
individually and their motion is described by solving the classical equations of motion.
Field ionization is usually calculated by ADK [97]. Semi-empirical Lotz formula is used
to calculate electron impact ionization probabilities [136], taking into account a correc-
tion of IP due to the presence of other ions [29]. Ionization over excited levels is also
implemented [137]. The recombination is treated naturally by three body recombination.
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repulsion force. Then the probability P of an ion to have energy E is:
dP
dE
=
3
2
√
E
E3max
Θ(1− E
Emax
) (1.4)
where Emax is a parameter corresponding to the maximal ion energy and Θ(x) is the
Heaviside step function, which is 1 for x≥ 0 and 0 otherwise. The calculated ion energy
spectrum is shown in Fig. 1.6, a. The signal grows with the recoil energy. The slowest ions
originate from the cluster center and the ion energy increases with the distance from the
center reaching Emax at the surface. To take into account the cluster size distribution, two
assumptions are made: 1) the charge density in the cluster is independent of its radius and
2) the cluster sizes are distributed log-normally, i.e., the probability g that a cluster consists
of N atoms is:
g(N) =
1√
2piνN
exp
(
− ln
2(N/N0)
2ν2
)
(1.5)
where N0 and ν are the parameters of the distribution function. The average cluster size
can be calculated as N = N0 · eν2/2. Convoluting the single cluster ion energy spectrum
Eq. 1.4 with g(N) obtains the cluster size averaged ion spectrum:
dPsize
dE
=
3
4
√
E
E3max
erfc
(
3ln2(E/Emax)
2
√
2ν
)
(1.6)
where Emax is the maximum energy of ions from the clusters of size N0 and erfc(x) is the
error function. Eq. 1.6 will be used to fit experimental data in Appendix U. The calculated
ion energy spectrum is presented in Fig. 1.6, b. The shape is similar to the result obtained
for single clusters Fig. 1.6, a, but the spectrum is broadened. The ions with energies
exceeding Emax stem from clusters larger than N0. To take into account the averaging over
the laser intensity distribution in the focus, the beam is assumed to have Gaussian spatial
profile and the cluster charge density to be proportional to the strength of the electric field
in the pulse. Fig. 1.6, c, shows the calculated spectrum for clusters of a single size. The
envelope changes dramatically, i.e., here the signal decreases with energy. The strong
contribution of low energy ions stems from the large volume in the focus, illuminated by
lower ILas. One can hardly draw a conclusion from the resulting spectrum about the shape
of a single cluster ion energy distribution (Fig. 1.6, a). In Fig. 1.6, d, the result is presented
when averaging over laser intensity and cluster size distributions is taken into account.
The spectrum is similar in shape to Fig. 1.6, c, but even broader. In many experimental
ion spectra, a high energy cut-off is observed, which is often called a “knee”-feature, see
e.g., [145]. This feature can be well reproduced by the model if ionization saturation is
assumed, i.e., the cluster charge density stays equal at laser intensities above some limit.
The calculated spectrum is shown in Fig. 1.6, e.
In the current work, an intensity-difference spectrum technique is applied to minimize the
effect of the focal averaging. The aim is to record spectra influenced only by the cluster
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size distribution, e.g., as in Fig. 1.6, b.
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2.2. Intensity-difference spectrum technique (IDS)
cant disadvantage, namely an extremely low transmission, e.g., on the order of 10−7. Due
to the high cluster densities produced by supersonic expansion sources, charge resolved
ion energy spectra of rare gas clusters have been successfully recorded by this method [92].
Metal cluster sources produce streams with densities orders of magnitude lower, hindering
measurements at sufficient resolution, see spectra in [40,93]. The charge-state resolving ion
energy analyser (CRIEA) has been developed in this work to overcome this issue. CRIEA
is a modification of a magnetic deflection time-of-flight spectrometer. We now shortly
describe its operation principle. Ions emitted from the laser focal volume are collimated by
the two slit apertures, pass through the region with a homogeneous magnetic field, and
are detected by a position- and time-sensitive delay line detector, see Fig. 2.1. Resulting
time-of-flight - deflection histograms are accumulated over many laser shots. An example
is shown on Fig. 2.2. The signals of ions with equal charge state but different energies
emitted from clusters form a line. Then for each line, a time-of-flight and corresponding
energy spectrum are calculated. From one time-of-flight - deflection histogram, the charge
state distribution, the recoil energy spectrum, and the charge resolved ion energy spectra
may be extracted. We want to note that in contrast to conventional mass spectrometers,
e.g., reflectron, in which the transmission decreases significantly with increasing ion recoil
energy Er, the transmission of CRIEA is practically Er-independent. Hence, charge state
distributions are measured with higher accuracy.
For a detailed description of the operation principle of a CRIEA, the analysis of the
resolution, limitations, and additional examples see attached Publication A. Here we show
only a short comparison of the instrument with a TPS, which has been optimized for
laser-cluster experiments [92]. The advantages are:
• one to two orders of magnitude higher transmission due to the use of collimating
slits instead of pinholes. The slit openings do not influence the energy resolution
• higher energy resolution since the energy is calculated from the time-of-flight, which
can be measured with up to 100 ps precision
• broader energy ranges can be simultaneously measured due to the absence of an
electric deflection field
• inhomogeneities of the magnetic field have only little influence on the energy resolu-
tion
Disadvantage is:
• the delay line detector can analyze typically only several tens of ions per laser
shot. Therefore, spectrum has to be accumulated. This leads to unreasonably high
accumulation times at repetition rates lower than 50 Hz.
2.2. Intensity-difference spectrum technique (IDS)
Due to the tight focusing of the laser radiation, the experimental spectra include signals
from a broad laser intensity distribution. The features of the single cluster response are
often completely smeared out, see Fig. 1.6. Since MD and PIC simulations even at a single
laser intensity is time consuming, e.g., more then a day when using over thousand CPUs
21
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The axis of the analysing instruments is usually placed perpendicular to the laser propaga-
tion axis. To have a higher contribution from high laser intensity regions, the acceptance
volume of the apparatus ∆V is often limited by the entrance slit, i.e., the opening ∆z is
smaller than the Rayleigh range zR. For convenience, we assume ∆z≪ zR so that the
change of the laser beam diameter over ∆z can be neglected, i.e., ω(z) = ω0. This require-
ment is fulfilled in the experiments described in this thesis. The intensity distribution over
the acceptance volume of the spectrometer is then described as:
I(r,z) = I0exp
(−2r2
ω20
)
. (2.2)
The volume dV exposed to some specific intensity I is then:
∣∣∣∣dVdI
∣∣∣∣= pi∆zω202I I ≤ I0 . (2.3)
Clearly the volume dV exposed to some intensity I (I ≤ I0) does not explicitly depend
on I0. That means, if the overall laser pulse energy is increased or decreased keeping the
temporal and spatial profile of the laser pulse constant, e.g., by the attenuator, the volume
exposed to the highest intensity is added or subtracted. An example is presented in Fig. 2.3
b, c. Increasing the on-axis intensity from I1 to I2 leads to the appearance of an additional
high intensity volume (inside solid circle). The volume exposed to intensity I: I1 > I > IT
(hatched area) stays invariable, where IT may be any intensity less than I1.
In practice, the function of interest is the response function R(I) of the target to a specific
intensity I. If the target is homogeneously distributed over the volume and if laser-induced
space charge effects are negligible, the signal S(I2) detected at peak intensity I2 is
S(I2) =
∮
∆V
R(I)dV =
I2∫
IT
R(I)
pi∆zω20
2I
dI . (2.4)
where IT is the threshold intensity that characterizes the onset of the target response. If we
introduce an averaged response of the system 〈R〉I2I1 to intensities between I1 and I2, then
S(I2) =
I2∫
I1
R(I)
pi∆zω20
2I
dI+
I1∫
IT
R(I)
pi∆zω20
2I
dI = 〈R〉I2I1
pi∆zω20
2
log
(
I2
I1
)
+S(I1)
〈R〉I2I1 = 2
(
pi∆zω20 log
(
I2
I1
))−1
(S(I2)−S(I1)) . (2.5)
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Figure 2.4.: (a) Experimental yield of Xe+ + Xe2+ depending on laser peak intensity. Due to the
increase of the interaction volume, the yields increase even beyond the barrier sup-
pression ionization threshold IBSI (Eq. 1.2, dotted line). (b) Focal averaging as well as
volume effects are cancelled out by the above described method of intensity-difference
spectrum, which allows to determine the ionization probability 〈P〉I2I1 experimentally.
Error bars show the limiting intensities I1 and I2. The red dashed line corresponds to
the ionization probability calculated from ADK.
Hence, the difference of the spectra obtained at peak intensities I2 and I1 normalized to
the volume equals the average specific response of the system to intensities between I1
and I2. Theoretically, R(I) could be achieved by reducing (I2− I1) since lim
I1→I2
〈R〉I2I1 =
R(I2). Experimentally, it is necessary to keep the difference (I2− I1) high enough that
(S(I2)−S(I1)) is still much larger than inaccuracies of the measurements.
The following requirements should be fulfilled to implement the method: (i) the spatial
profile of the laser beam should be almost Gaussian; (ii) the target should be homogeneously
distributed over the effective interaction volume; and (iii) signals from different parts of
the interaction volume should not influence each other, e.g., space charge effects should be
avoided. It is recommended to keep ∆z≪ zr, otherwise the signal at the intensities less
than I1 contributes to 〈R〉I2I1 . Nevertheless, the contribution is still much lower than in S(I2)
spectrum and can be calculated if the dependence of ω(z) is taken into account.
As a proof of principle we studied the ionization of xenon in the tunneling and barrier
suppression ionization regimes. Xenon gas at a pressure of 1 · 10−7 mbar was exposed
to ∆t = 60 fs λ = 810 nm laser pulses and ions were detected with a time-of-flight mass
spectrometer. The ion yield is shown on the Fig. 2.4, a. Two reasons contribute to the
growth of the signal: (i) the increase of the ionization probability with laser intensity and
(ii) the growth of the interaction volume. The volume effect is obvious for intensities higher
than the barrier suppression ionization threshold IBSI . To de-convolute these contributions,
we applied the method described above and we have chosen the ionization probability of Xe
atoms 〈P〉I2I1 as an intensity specific response 〈R〉
I2
I1
. The experimental results are presented
in Fig. 2.4 (b) and compared to ADK model. The red dashed line shows the ionization
probability calculated from ADK assuming ∆t = 60 fs λ = 810 nm and pulse energies
corresponding to 70 % of the energy used in the experiment. The experimental data agree
well with the theoretical predictions. All volume effects as well as focal averaging effects
were successfully cancelled out. A clear ionization saturation is observed at ILas > IBSI .
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The reasons for the pulse energies correction can be reflections and absorption in the input
window of the vacuum chamber, imperfection of the focus, and possible inaccuracies in
the pulse duration measurements and/or ADK theory.
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3. Outline of the results
As discussed in Chapter 1, many basic effects in the interaction of clusters with intense laser
pulses have been described at least qualitatively. The aim of the current work is to extend
the borders of knowledge in this field. In addition to the development of a charge resolving
ion energy analyser, see Chapter 2 and Publication A, particular scientific challenges in
the explanation of the laser-cluster interaction have been addressed in the framework of
this thesis. The long-term relaxation of laser-induced nanoplasmas is discussed in Sec. 3.1
and Publication B. The asymmetric emission of ions from metal clusters excited in the
impulsive regime was studied, see Sec. 3.2 and Publication C. In the last decade, many
studies have been dedicated to the interaction of clusters with intense short-wavelength
(e.g., XUV) radiation. Thus, the full characterization of the XUV-pulses from free electron
lasers is of high importance. The results on the investigation of the spatio-temporal
coherence of free-electron laser radiation in XUV by a Michelson interferometer are
described in Sec. 3.3 and Publication D. Finally, yet unpublished results of the application
of the intensity-difference spectrum technique on the interaction of metal and gas clusters
with intense NIR-laser radiation are summarized in Sec. 3.4 and Appendix U.
The following sections include brief descriptions of the problems that have been raised, and
highlight the results. The attached manuscripts and appendix contain detailed information
about the applied methods, the experimental findings, and their discussions.
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Published
3.1. Highly Charged Rydberg Ions from the Coulomb Explosion of
Clusters (Publication B)
From the first laser-cluster experiments, an explanation of ion charge state distributions
has been a challenge. If a full recombination of the quasifree electrons during cluster
expansion is assumed, the calculated final ion charge states are well below those obtained in
experiments [22]. Thus, the recombination and relaxation processes have to be considered
in detail. MD simulations of nanoplasma disintegration into individual ions have shown that
the majority of quasifree electrons, originally bound with hundreds of eV to nanoplasma,
may not recombine into ionic core levels, but stay bound with low binding energies,
e.g. below 50 meV [29], after cluster disintegration, see Fig. 3.1. The process is called
frustrated recombination. It is assumed that these electrons may easily be removed by
extraction or space charge fields, shifting the observed ion charge state distributions to
higher values.
This study focuses on the recombination and relaxation of quasifree electrons in expanding
nanoplasmas. If frustrated recombination takes place, an emission of ions carrying weakly
bound electrons is likely. In order to experimentally resolve the presence of Rydberg
electrons in the expanding nanoplasma, the CRIEA (Publication A) was extended by an
extraction unit consisting of two electric field regions. When passing the field boundaries,
ions with weakly bound electrons can be field-ionized and produce additional features in
a time-of-flight - deflection histogram. The applied method analyses ions at a timescale
greater than 50 ns after the laser excitation and is sensitive to a narrow charge-state
dependent binding energy window, see Fig. 3.2, top.
We have performed measurements on argon clusters. For details, see Publication B. Ions
Figure 3.1.: Temporal evolution of a laser-induced nanoplasma. Left: directly after laser exposure,
right: after plasma disintegration. During the adiabatic expansion of the plasma ball
the delocalized electrons cool down and the mean field potential flattens. A majority
of the initially hot electrons bound by the keV-deep plasma potential do not recombine
into core levels but find themselves finally in low binding energy states (meV) of
highly charged ions. Taken from Publication B.
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Figure 3.2.: Top: Calculated charge state dependent binding
energies of electrons in high-lying Rydberg levels of Arq+ to be
ionized by the electric fields of the extraction unit. The shaded
area represents the energy window probed by the method. Lines
are meant to guide the eyes. Bottom: Abundance of ions
emitted from ArN undergoing autoionization (blue open bars)
and field ionization (red filled bars). For both decay channels
a considerable proportion of up to ten percent compared to
the total signal is observed for each Arq+. The overall yields
(dots) of these species account for a considerable fraction of the
signal and peaks at about q = 5 giving a value of 15%. Adapted
from Publication B.
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charged up to q = +8 have been detected. Arq+ (q = 1-7) have been found to carry Rydberg
electrons. Their yields are charge-state dependent and represent a significant part of the
emitted ions. For example, about 10% of Ar5+ ions have an electron within a roughly 50
meV wide energy window, see red bars in Fig. 3.2, bottom. This is the first time that highly
charged ions with electrons bound with such low energies have been observed. Hence,
cluster Coulomb explosion serves as a source of these exotic particles. Additionally, our
findings support the concept of frustrated recombination. It is likely quasifree electrons
do not recombine to tightly bound ion levels, but instead appear to be weakly bound to
the nanoplasma and recombine to high-lying Rydberg states. Limited by the experimental
setup, we can assign the observed Rydberg electrons to nRyd ≥ 15.
In addition to ions with Rydberg electrons, autoionization taking place on the flight to
detector has been registered. An estimated timescale for the autoionization was found to be
between 50 ns and several microseconds. A possible mechanism matching the timescale
is the decay from autoionizing Rydberg states (ARS), which is a result of the Coulomb
interaction between excited core and Rydberg electrons. The observed exceptionally long
lifetime of ARS suggests that Rydberg states with high principle quantum number nRyd
and high orbital quantum number ℓRyd are generated.
3.2. Asymmetry of ion emission from metal clusters, excited in
impulsive regime (Publication C)
In general, studies on ion emission from clusters exposed to ultrashort intense laser
pulses report upon the predominant emission of fast ions along the laser polarization
axis [43, 91, 107, 108], as discussed in Sec. 1.3.3. The development of laser systems with
shorter pulse durations allowed study of cluster excitations in the so-called impulsive
regime, when the laser impact is short enough to treat the ionic core as frozen during
the ionization. This is typically realized at pulse durations below 50 fs. Two groups
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(Publication C)
have reported about a new, qualitatively different type of cluster explosion for impulsive
excitation conditions. The ion emission exhibits so-called “unusual” asymmetry [30, 112],
i.e., ions are predominantly ejected in the direction perpendicular to the laser polarization
axis. Xenon and argon clusters have been investigated. Depending on the target and laser
conditions, the energies or yields of ions may be enhanced in the perpendicular direction.
The effect could be observed in MD simulations [115]; however, a direct comparison of
theoretical results to the experimental findings have not been carried out. The following
mechanism has been proposed as a possible explanation: under the influence of the laser
field, the cloud of quasifree electrons is elongated along the laser polarization direction,
providing a more efficient screening of the electric field on the cluster poles than on
the equator. This effect leads to a more pronounced cluster explosion in the direction
orthogonal to the laser electric field direction.
However, up to now experimental data are limited to only rare gas targets and selected
laser parameters. The theoretical description that would quantitatively agree with the
experiment is still absent. The aim of our study is to extend the available experimental data
on laser-cluster interactions in the impulsive regime to metal clusters. In addition, utilizing
CRIEA, contributions of each charge state in the asymmetric signal may be resolved. In
our measurements, the laser parameters and cluster size have been chosen as in [30], when
unusual asymmetry for both ArN and XeN is the strongest. The details of the experiment are
presented in Publication C. We obtained ion spectra in parallel (θ = 0◦) and perpendicular
(θ = 90◦) configurations, see Fig. 3.3, left. Charge states up to Ag9+ have been detected
with energies up to 4 keV. In contrast to rare gas clusters, the emission is rather isotropic
and the unusual asymmetry is not observed. Ions emitted in the direction along the laser
polarization even gain slightly higher energies. Charge-state resolved energy spectra, see
Fig. 3.3, right, show predominant emission of higher charged ions, e.g. Ag5+ and Ag7+,
along the laser polarization direction.
The obtained differences in the response of rare gas and metal clusters may not be intuitively
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Figure 3.3.: Left: Ion energy spectra resulting from the interaction of 30 fs laser pulses (IL =
1.5 ·1015W/ cm2) with silver metal clusters Navg=5000 recorded with parallel (θ = 0◦)
and perpendicular (θ = 90◦) orientation to the laser polarization axis. Right: As left
but charge-state resolved now. Taken from Publication C.
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explained when we consider a mechanism such as proposed to be responsible for unusual
asymmetry. The value of silver ion mass lies between Ar and Xe, so significant ion motion
during the laser pulse is not expected. Ag has a lower IP and is initially metallic, which may
lead to an earlier onset of cluster ionization on the rising edge of the laser pulse. However,
its influence is not obvious. We expect that our experimental results will motivate further
investigations to clarify why a possible asymmetry in the ion emission should depend on
the cluster material.
3.3. Spatio-temporal coherence of free-electron laser XUV radiation
(Publication D)
An extension of the intense light-matter interaction studies to shorter wavelength radi-
ation is of interest beyond the fundamental research, and opens up new possibilities in
structural imaging of non-crystalline targets or even single particles, e.g., biomolecules or
viruses [154]. Conducted with clusters, extreme ultraviolet (XUV) diffraction experiments
at free-electron lasers (FEL) allows definition of structures of single silver nanoparti-
cles [155] and intensity- and size-resolved measurements of the Coulomb explosion of
rare gas clusters [156]. Moreover, imaging of dynamics in transient systems is possi-
ble, e.g., visualisation and trace of structural changes in the nanoparticles after optical
excitation [157].
The analysis of XUV Thomson scattering may allow determination of transient temperature,
density, and ionization in warm dense matter. We note that the resulting spectra allow
determination of the above-mentioned plasma parameters without any assumptions from
theory [158]. In 2013, a measurement campaign at FEL facility FLASH in Hamburg was
conducted to study the time-resolved plasma properties of laser induced plasmas from
hydrogen microdroplets. An intense NIR laser pulse ionized the target and a delayed XUV
pulse probed the plasma. Together with a high throughput, high resolution spectrograph
for soft X-ray light [159], which recorded the Thomson scattering signal, many diagnostic
tools such as ion and electron spectrometers, have been utilized. Whereas the scattering
spectra are still under discussion, the results obtained by one of diagnostic systems, namely
an XUV spatio-temporal coherence analyser, led to a publication, see Publication 3.3.
When seeded by an external laser, a high coherence of the FEL radiation can be achieved
[160]. Currently the FEL facility FLASH in Hamburg uses self-amplified spontaneous
emission, which does not provide fully coherent radiation. The method considered in
Publication D allows measurement of the spatio-temporal coherence of the laser beam.
The technique is based on a Michelson interferometer, adapted to the XUV. By scanning
an optical delay between the interferometer arms, the temporal coherence is measured by
analysing the decay of the fringe visibility. In order to characterize the spatial coherence,
a lateral shear is introduced. Different points of the wavefront are overlapping on the
detector and the decay of the fringe visibility with the lateral displacement is used to extract
the information about the spatial coherence. As a test, monochromatized FEL radiation
of 13.5 nm was used. A temporal coherence time of (59±8) fs was obtained, in a good
agreement with the spectral bandwidth provided by the monochromator beamline. The
spatial coherence in vertical and horizontal directions was found to equal 15 and 12% of
32
3.3. Spatio-temporal coherence of free-electron laser XUV radiation (Publication D)
the beam diameter, respectively. The technique may be routinely utilized in FEL beamlines.
When not monochromatized, a time coherence of about 3 fs has been reported by other
studies [161–163].
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Unpublished
3.4. Charge-state and intensity resolved ion energy spectra from
cluster explosions (Appendix U)
The studies presented here and in the Appendix U focus on the explosion dynamics of
laser-induced nanoplasmas and the formation of the final ion charge states. The charge
state distributions and ion recoil energy spectra obtained in state-of-the-art experiments
are averaged over different cluster sizes and laser intensities, as discussed in Sec. 1.2 and
Sec. 1.5. Spectra corresponding to a given cluster size and a given ILas are thus masked.
The interpretation of the results is complex and often only a qualitative comparison to a
theoretical predictions may be achieved. Additionally, only a few measurements on clusters
have been conducted resolving ion charge states and energies simultaneously. Most of
them focus on rare gas clusters, since they may be produced at high target densities and
thus provide a higher signal rate. Previously, charge-resolved recoil energy spectra of
metal clusters have been obtained, but only at a low resolution. Different charge states
can not be unambigiously resolved [40,93]. In this work, we use the instrument CRIEA,
developed in the frame of this thesis (for details, see Sec. 2 and Publication A) and apply
the intensity-difference spectrum method, see Sec. 2.2, to overcome the limitations in the
signal analysis. Rare gas and metal clusters of different sizes have been studied.
In the focus of Appendix U are the first focal averaging-free measurements on the Coulomb
explosion of nanoplasmas. Fig. 3.4 shows a comparison of charge state distributions (CSD)
and recoil energy spectra (ES) with (c,d) and without (a,b) application of the intensity-
difference spectrum technique. The intensity resolved CSD are significantly narrower
then the focal averaged distribution. The intensity resolved ES differ in shape from
the focal averaged spectrum. The application of the methods discussed above allows
observation of effects that have not been identified in the previous experiments. With
increasing laser intensity, the transition from partial to complete cluster explosion is
resolved. Two different types of cluster explosion scenarios can be distinguished. At lower
laser intensities, the surface of cluster is predominantly expelled, and the core expands
significantly more slowly, i.e., so-called shell explosion - core expansion occurs. At higher
intensities, clusters explode more homogeneously and may be represented as explosions of
uniformly charged spheres. Further, the techniques allow one to experimentally distinguish
thus far inaccessible parameters such as average ion recoil energies and average charge
states. The comparison of the data to a simple model shows that, at least at certain laser
intensities, quasifree electrons do not recombine to ions, i.e., our findings support the
concept of frustrated recombination. At lower intensities, the charge-state resolved ion
energy spectra show features of electron recombination. First MD simulations agree well
with experimental results [164]. Further, we compare the ion emission from ArN and AgN
under similar conditions. For silver clusters, a broad CSD spanning from Ag1+ to Ag15+
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4. Summary and Outlook
The Coulomb explosion of rare gas and metal clusters induced by intense near-infrared
femtosecond laser pulses was investigated. The temporal development including creation,
expansion, and disintegration of the nanoplasma was studied by means of charge and
energy resolving ion spectroscopy. Below we summarize the main achievements of the
current work:
• A charge-state resolving ion energy analyser (CRIEA), optimized for laser-cluster
experiments, has been developed, built and tested, see Publication A. The device
features a one to two orders of magnitude higher transmission and a more than
an order of magnitude higher energy resolution compared to other state of the art
instruments. We demonstrated the capability of CRIEA to resolve charge states up
to q= 21 and energies up to 300 keV from the Coulomb explosion of silver clusters.
Operation with a dynamic range of 5 orders of magnitude has been demonstrated.
• The first high-resolution charge-state resolved ion energy spectra from metal clusters,
irradiated by strong laser pulses have been obtained. The intensity as well as cluster
size dependences of the ion emission were studied. We conducted charge- and
energy-resolved studies of the dynamics with a pump-probe scheme for different
cluster sizes. An increase in the ion recoil energies by more than an order of
magnitude was observed by applying an optimal pulse delay.
• Studies of the ion emission asymmetry from silver cluster Coulomb explosion in
the impulsive ionization regime have shown favourable emission of highly charged
ions along the laser polarization axis and an isotropic emission of low-q ions, see
Publication C. The result qualitatively differs from the observations obtained on rare
gas clusters.
• A setup to realize measurements by applying intensity-difference spectrum technique
has been assembled and tested. For the first time, intensity resolved spectra of the
Coulomb explosion of clusters in the size range from 10 to 107 atoms have been
obtained. The experimental findings allowed resolution of different cluster explosion
regimes, e.g “shell-core” and “homogeneous”.
• By comparing the obtained spectra with simple estimations, a robust experimental
proof of frustrated recombination in clusters has been provided. Intensity resolved
spectra may further serve as a benchmark to test theoretical models.
• A comparison of ion emission from the Coulomb explosion of argon and silver
cluster under similar laser conditions has shown how element specific properties
such as ionization potential, atomic mass, and cluster density influence the cluster
ionization and subsequent heating and recombination in the nanoplasma.
• For the first time, highly charged ions with Rydberg electrons in the meV energy
range have been detected, see Publication B. Our experimental results show that the
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Coulomb explosion of clusters may serve as a source of these exotic particles. A
quantitative measure of their yield in a specific binding energy range was obtained
experimentally.
Outlook
In the future, a comparison of already obtained experimental results with advanced theoret-
ical simulations, i.e. molecular dynamics or particle in cell, will likely provide additional
insights about ionization, screening, and recombination in laser induced nanoplasmas. The
application of CRIEA in experiments on many-body targets as clusters, biomolecules,
nanoparticles, droplets, liquid jets, etc. would be of high interest. Charge state-resolved
ion energy measurements would provide new insights in the ion acceleration processes.
The intensity-difference spectrum technique (IDS) has demonstrated its huge potential
for strong field nanoparticle research. Of high interest is an application of IDS on mea-
surements with size selected particles. The results of such measurements would serve as
a benchmark for theoretical models and would certainly allow to resolve the undergoing
processes with higher accuracy. As a first exemplary target fullerenes may be used, since
they have a well-defined structure and can be easily brought into the gas phase. In addition,
the combination of IDS and phase-controlled ω−2ω pulses [26] may help to resolve and
control electron dynamic on a sub-fs time scale.
38
Publications
A. High performance charge-state resolving ion energy
analyzer optimized for intense laser studies on
low-density cluster targets
D.Komar, K.-H. Meiwes-Broer, and J. Tiggesbäumker
In Rev. Sci. Instr. 87:103110, 2016
The instrument, presented in the current publication, has been designed, constructed
and tested by D. Komar. Further, D. Komar conducted measurements and analysed the
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Charge state- and intensity-resolved ion energy spectra from cluster explosions
place at the critical density. One can roughly estimate the charge of the nanoplasma
including quasifree electrons. To do this, we model the nanoplasma as a homogeneously
charged sphere with a corresponding to resonant conditions radius RMie and disregard the
ion kinetic energy acquired before resonance. Neglecting the hydrodynamic pressure of
the electrons, the total cluster charge can be estimated from electrostatic considerations as:
qCl
N
=
√
5
3
· 4piε0
e2
EavgRMie
N
(U.2)
where Eavg is the experimentally obtained average ion energy. Note that Eq. U.2 rather
overestimates qCl/N. It is reasonable to calculate qCl/N only at laser conditions, when the
plasmon resonance can be achieved. The results are presented in Fig. U.9, c. Experimental
qavg are shown for comparison. qCl/N is indeed much lower then qavg. Assuming that
the ionization in clusters is saturated at the resonance, i.e., the ions are in transient charge
state qsat =+8, the difference qsat−qCl/N may be used as an estimation of the number of
quasifree electrons. The difference qsat−qavg indicates the number of quasifree electrons
that actually recombined.
Fig. U.9, c, shows that the nanoplasma expansion occurs in the presence of a quasifree
electron cloud even at the highest laser intensity. How can one explain a “homogeneous”
explosion? Most likely, the explosion is non-uniform, but at high laser intensities the
“inhomogenity” is low enough to be covered by the cluster size distribution and statistical
fluctuations of the signal. At lower ILas the “inhomogenity” seems to be stronger. Probably,
the difference arises due to different efficiency of screening of core ions by quasifree
electrons. The screening efficiency in plasmas in local thermal equilibrium is characterized
by the Debye length λD. For a dense plasma exposed to a fast oscillating field λD may be
calculated as follows [167]
λD =
√
2ε0
3e2
Eelavg
ne
(U.3)
where Eelavg is the average electron kinetic energy and ne is the electron density. Eq. U.3
should describe the general trend, although the nanoplasma is far from thermal equilibrium.
With increasing laser intensity, we expect a higher Eelavg, which in turn increases λD. Since
we have identified that ionization saturation occurs at Ar8+, the total number of electrons
is limited. At higher laser intensities, outer ionization increases and the cluster expands
faster. Both these factors will result in a decrease of ne and an increase of λD. Assuming
an initial cluster radius, one quasifree electron per ion, and a reasonable value of 10 eV
for electron kinetic energy, one calculates λD = 1.3A˚, which is less then the Wigner-Seitz
radius of Ar. However, at resonance, assuming four quasifree electrons per ion and 300 eV
electron kinetic energy, λD equals 2 nm, which is about 2.9 times higher then an average
distance between ions. Hence, the cloud of quasifree electrons screens the ion core less
effectively with increasing energy absorption. As a consequence, a lower charge gradient
is present in the nanoplasma and a more homogeneous explosion takes place.
The proposed analysis gives only a qualitative explanation. More precise information
about electron screening and recombination in the expanding nanoplasma may be obtained
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